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Abstract: Aiming at reducing the calculation amount of the CFD simulation on aerodynamic force of til-
trotor in transition flight, a new highly-effective hybrid CFD method is proposed. An embedded grid
system with the corresponding digging-hole and donor element searching method is presented. By com-
bination of blade element theory and momentum theory, a simplified momentum source technology,
i. e. virtual rotor model (VBM) is established. In order to analyze the details of aerodynamic force of the
tiltrotor in transition flight, the multi-layer embedded grid system and the single program multiple data
(SPMD) model parallel acceleration technology are adopted in the real blade model (RBM). Then, a
highly-efficient hybrid blade model (HBM) is established by combining VBM and RBM methods. Final-
ly, a typical rotor and 7A rotor are taken as numerical examples to verify the validity of VBM and RBM
respectively, and the aerodynamic force of tiltrotor in transition flight with different tilt-angles is ana-

lyzed by three methods also. It is demonstrated that VBM shows the most optimal efficiency in the sim-
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ulation of the aerodynamic characteristics of the tiltrotor in conversion. One-third computation time is

saved by the HBM method compared with the RBM method with the guaranteed accuracy of the flow

solver.

Key words: tiltrotor; conversion mode; aerodynamic force; N-S equations; hybrid CFD method; parallel

computing

0526 T S AILAE Sy — e R 1 TRAT 4% 0 T 3
ML BT ALY G ARk R A T LY
T R A R R 2 AL T AR Y . PR A
B EFHLE [E B AT AL s F A gl AT R
TR H TP TR X 2 ) % f 1 OC B i O
CATIRAS . A P AR S S R B AN
() R0 A B 4 8 3 A e e L % ke It A A
AR e 3 R 8 e R B g B S I B e il e
HAIE . BRI b U RAT RS R e 3 AT e s
BN 72 Il S M — T R AT R
5 1 A0 2 i B S B0 KR A A A I O A HL Y S B

21T 0 {1 7 ke 3L R AT A A Sh ) R R T 5 T
TR A AL 5 B R R B AT AN Oy
T . BRI e [ 9K AT LA A o ff b A 15 o % T
FORAT AR RS REE E AR B G A | KUK
S A Bl . A BT BB Ty 2 A Rk
A HILFASZ K3 SN 4 BR ) 45 00 35, DR 4 31 )
I FEEUEBA Ty . B N AT R T 2T
Y. EANT T, Poling™™* 4 A\ 43 51l R i £ I A%
() 5 3 RS e 3 R AT AR PR REHEAT TSR L A
B B AEAS [R)AR 2SN A0 i@ 38 s sk  (H il T
TR PEBE A A BRI BRI O AR 20T i
VAR ST B BE SR A AF ST . R P O T L AR AR AR
NN A N4 50 R H A AR AL [ i Rl
Bl 5 5 o i e B R AT SR s AR T R T
ST AR TR A RATIRAS TS By Rl T IR A g iR <
By 7 Bl B 1) %) 722 Ak, BBEUL A AR A R A R B 45 2t
BB AR Ak AR XE T 3 3 A B A5 B R A
it , ARSI 68 TR N AT T
S AR Y IR e ] B S o ARE HUURE BE 5 H SRR
R A B R e — 22 20 CFD #4032 ok 14
UE 53 5K MRS B2 HL BB % 52 5 it 3 B 40 R0 1 AF Y
Tk

ST SO E S a3 i ST T JE B Y R A0
e s & YR A Y (Virtual blade model, VBM) J5
R RE FAE 2L W 20 15 1 AR P S T i A A 1 A
22 R 3 M A% B (Real blade model, RBM) J5

2, 00 7E BIR PR O Bk LR LS T —ER
R4 VBM FI RBM % iR & Ji¢ 32 £ 8 (Hybrid
blade model, HBM) J5 . RS, 43 Jill 8 2o B A (1)
LT 3 R e 3 30 4iE T VBM Hil RBM J5 i
59 I S BB U R U e 1 W 1| B 0 22 BRI L
X 3 PR AR S T AU i 3 RS A P R AT X L A

1 BHHREMERSE

1.1 FELIRR

CFD R gh i A ey, S A2 BR 42 B | i 5 0 e

LA A8 B

() =0, — Or.cosg(t) — by, sing (1)

B(t) =a, — a,cosg(t) — by sing(1)

(D) =Qr, ¢(1) =0t (D
.0 Ry SR A 50, 2R HE 24 A5 0, R B 1) ] 3D
ARHE 5 by, S YN ] MR B g R R R A B O B
fisa A E AR 00 A AR 0 h
Ti LS5 ¢ R BTG f1 CO° O B8 ELA 8D 5 Q Oh ke 32 i
T fF TR 5 Qo R MBURG FF TRRE 50 Sl ) B [

FEAT — W) B 1B) 25, 2 3 F AT B AR A AR Ly
VS I R AR BR Lo BE A5 30 o A 8 A B R G B
AR AL E R R

L; =R, R, Ry, Ry, L) =TgLS

L =R,, L% (2)
AP R B Ty 1 4 D18 302 W Ry, CETRIE
) Ry, (FEEEIZ ), R, (JEFRI2 ), Ry, (B %%
Z3) .
1.2 EERMHMNIE(REERE)

TEHE ST B S I 7 i VBM w315 A% i 7
PR . — A R AL R FE Y 2 A A L i — R HL
R A T S AR ST SR 1T Y 2 B A ROST
100X 100, 38 1 42 45 1 = 2 32 Bl > R $01 31 52 110 e 3
1BE) . ZRRIEREA UL I 5 RS 2 P X
BN HEAT T A B 0 ] DAORIE R A S T R R RS
FR ARG (ELHS B2 9 SR ROS) g 117 X121 X85, [ 1
Sy IR E RS R G s B R T RERE RN
T T S8 R IR 28 O A 4 A ] o (s 1 2K 3 T A
HEAT TR A B



5 2 3 2 M. A

IR A U TR 33 I LI s 2 CFD ik 191

K 1 VBM Wit E R 5% &K
Fig.1 Schematic of embedded grid system by VBM
1.3 RRIb W &

SCH ST B RBM h B S 2 28 B (W A% R 40
Bl g2t C-O UG A% (193 X 49 X 65) AL
() 3k U T B (124 X 61 X 126) 175 56 W A& (117 X
121 X85 LA . A T A5 R i ok /) e 3t J22 370 1 R 1
T IO A% e P DA A B S 32 By L A 3 T 3 1) e R
JEV A BE AU 32 B 5 T S5 0 RS A e 3 Ao U DX 3 i
AT 0 24 R s Ab HE, [R 2 45 T S PR

(a) KM PIHEARE

ﬁ SR DK

¢=0° I

I A A% X 45

N\

$=45° BF ()3 35 PO A X 35k

Kl 2 RBM i E M R4
Fig. 2 Schematic of embedded grid system by RBM

o A A B A R B
L4 EHHREHE
B W 7k — o R A A —
AT S R BT R 8 Xy BAE R i
s 5 —Jr A TR C I R . HECR AT
AIM(Adaptive inverse map) J5 ¥, LA RUIT .
(O AEESET HARRAE O by 80 R K
ﬂéﬁﬂf‘%%ﬂéﬁ%éﬁ(FM) X T LS A R
HEAT B SRR GUE TR o m A A k. K5
PEAE O th iy Mk B oc /e FM b i 067 8 L IF A7
AT S AR R
(O T — 4y & 1R 1L 5 oo, 5 HAE FM
rh IR RE A7 O T S AR O rp i A R A
e s N 38 I — 2R M A 1k 3RS T i
URFTRZ7E PSS
B RAATTLLR IR N
II =C,(x,y,2).,]]
KK =C.(x,y,2),
I... =INMAPC1,II,]J] ,KK),
I... =INMAP(2,II,]] .KK),
Join =INMAP(3,1I,]] ,KK),
Jomax =INMAPM,ITL,]] ,KK),
K.i. =INMAP(,IT,J] ,KK),
K..=INMAP(,II,.]] ,KK),
(I.J,K) =SEEK(I i s Lnux s J min o J tmax »
Koin s Kox) (3)
X (I T T KK s #BL Y Bt/ AIM 19t
BAFR;C. . Cyy Co R H MM S AIM [ AH XS
f8 ¢ & SEEK S Hir Mg 5 AIM Z A HK & 5
(I, J KD N stk B oo b, B 3 45 T A
[l E M R m B - WE 3G el LU
TEAS [R5 £ BE R SO T i S O R e AR
GF AR S T SR R R e X . 8] 3 (b)
L AR BB A N o T RS ORI 1R i ST
fR 5, HE TS 5 A% b oA L A IR A ) T A
EACR B 325

2 HEARE
2.1 =HFE
SCHR R A bR ST FE B G AR AR R T L SR DA A8 X

YRR N 280 U B 30 RANS J7 R4 O 4%
Ji e

:(:\(TsyaZ) ’

7JWdQ+ﬂg(F “F.)  nds— JJd_Q )



192 S T

PNEPNEE -

47 %

60°

(a) VBMA I TTIR e i A

x

(b) RBMH FJ IR ST &

K3 xR R G s &K
Fig.3 Schematic of embedded grid system

ou ouV.+pn,
. W= ov |3 Fo = p“UVrJﬁj)ny s F, =
ow owV.+pn.
LoE | leHV.+pV.|
_ 0 _ 0
Tall, tTron, tr.n. n, | " f.
tu.togn, toen. | sn= |n,| ;J=<f, 0N
Ton, tron, tron. n. /-
D, T DOn,+D.n. | 0

P R B ITIR R 500 S BT T AR . n 378 BT R H
TR A st IEE] 5V, SRR MR U 5V, R iR
N RE s E A H 73 50 08 BREF B A . —
R SA i AL A R L 4
KA A N TEER Jameson B vt 22 43
AR AT 2 MU B . BEXT L 22 B Ar R
SR K e MR 2 M R A R 3 ATl

IR D A NS B -3 e i R /A | 2
P CUANO BB R 55 o X TAE — Mg Ho0, X4
" LA

d

Q{jh EW{//J + ijk - ijzv - J{jk =0 (5)

A AR ik XS R R IC ST
2.2 HEfEE

TE 1) 2E SR ORU () 3 78 PR ) 25 1
KB LU-SGS #8276 Pl ) 25 b #E i 0
Yy EEE A] 25 [ . R, 53X (5D BRI b %
KA

[(Q + m)1 + (aRR“*) ] AW, =

A‘[ ZA[ (’]W,ﬂz
_ W — AW W
AL Ri..  (6)

P R RS 5 Ar W BRI 25 K, P a2
K 52 B e M BR 1, X T B0 Fo 40 (1) 24 b O AsF []
AR AT L (D PesE

A‘r,._z.k—mm[gAt’;\er,\“j+A<.J e

A A A B A N HE ST LU AR PR AE T AR bR T T
K JrmayigEA .
2 (6) K LU-SGS # 2 & 1wl
(L+D)D '(D+U)AW,;, =
3Wu — AW, W
20t
KX :L.D,U 53510 = A = .
2.3 VBM A%

SCHPR AR e 3 1 Ak B I B T B 4 AL 22
Xt A AV FH e 45 380 A s ) SF- 349 ) g s
T AR e A BD oA 2D A I, X R
T 3 A3 AT 4% ) 8] P A Sk R e SR T AR
WA BER A R E KA R 7R S PRI
RRRANE N — DR R i ARSI O HAE TR
S {27 T 35 X YL 35 5 W) BsF 3 Sy TR < — 0 A
FE BB FE 0AL L 5y — E A S 1 B R Y
KN,

B IR B — A m Ay Sy ot o it
FERT R ZOT IR B e e O BE R R oy I B )
KB dry J 1) X5 L B L A TR R A fBOE %
WoTZ BN T3k dF M8 A 5 =8 1 I Bk
WY RAEM I —dF, 3 B XF N R0 1 g
PR ULz — DRI N Z BB S8 — NdF, &
(R U, A FHAESOG T L (R B 34 0 AT AR R Ry

N -dF.
2nrdr

— Rk, (3

F,= (D)



52 1 2 ML A L RS A e

BB R CFD 5 ik 193

I H AT DR S 5 i 1) 22 25 AR L HL B A DL ORI
T ARARIZ AL (S B . PG B A X R T
JE 3 R T B RE M I S AR AR OoT A i T R B
FIBH 77 2 %, T AR A3 30T ™= A= 1 dF

2.4 RBM 7%

MRTAE ST, B 3 WAl LR WA 4 il
3 AN, B AN S 2 S B AR XL X
BURFH RANS B H#FATE . 55 AN XSO
B — AN DRI A U AR DX, B A A
A 5 R X I S A X8R BRR R
TR, A TS TR SO R A TR T

g4 2 B Y 7 (Single program multiple data,
SPMD) A5 A1 38 S Al 2 2 18 I 47 808 1 G
S, SR I A A 4 5] 43 B A A TR RUR 5
AL FAE REEIT 400 T4, I—BE A 10 800
WCF AR B A F BB 05 13,4 hy R
5T R E 3.2 hy X FRIAAR SCHE S (1977 20
IR E T 4.2, I TR AT 80X,

2.5 HBM A%

R T A AR A e B R B R A T 3
FRCRE . SCh 4RI T —4 HBM ik, BB, VBM
T3 VBl FH SR A A0 S o {0 4 i 3 1) 3z 3 R e A A A
15320 500 I VR RBM J5 125 v (9 9] 16 2R
Bi iz Bl LA RR H

Wien =Wism (10)

FEIEFP 7 2 AT 195 s s mT LA
RBM 1 VBM fIRG& gt 8.  THREE 20
100 %% JE 3L 3 37+ i3 Bl ik RS O i ORI JA] B =X
LU-SGS #% . A W& BL3L . | 3C B 8 VBM/
RBM/HBM J7 ik ez Ab #4717 456 . ARG
A 4 Fs .,

3 BHIRGERS

3.1 VBM AERBIEESG
THER R 8 IR TR G 5 2 i ) e 3 T SR 5
JER SR 1 PR .
F1 ARFENERSH

Tab.1 Typical rotor parameters

AU 3 Ky LAY 2% 1 B fH
FER R/m 0,914 i 0/ (rad s 122.2
K C/m 0.1 HHE G005/ () 11
THLE /() 0 MMM S E 3.6R
KR 0.25R S AR N 2

A NACA0012

ot )

e E ||
| 2¥Enssm |

¥
N e

4 HBM ¥y i5 p fe E

Fig. 4 Flowchart of numerical simulation of HBM
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